Introduction
From the earliest times of epilepsy research, it was clear that many seizures exhibited temporal patterns and were affected by the sleep state. These seizures with temporal patterns were divided into diurnal and nocturnal types. And seizures occurring during both day and night were termed diffuse. 1 It is interesting to note that the term ''diffuse'' was used to describe the temporal unpredictability of the epileptic seizures. [1] [2] [3] [4] [5] [6] [7] Epilepsy is a neurological disease that consists of recurrent unpredictable interruptions of normal brain functions, due to paroxysmal events called seizures, which are the output of abnormally excessive and synchronous neuronal electrical activity. 8 Patients with epilepsy also tend to exhibit abnormal circadian rhythms in several physiological processes. 2, 3 Circadian rhythms and epileptic seizures may interact with each other 4 in a bidirectional and reciprocal manner 9 through several physiological processes, such as melatonin secretion, 10 sleep patterns, 11 and seizure onset occurrence. 12 The purpose of this review is to highlight the circadian phase of cortical focal seizure peaks and to provide additional evidence of circadian effects in experimental seizure types.
Epilepsy

Classification
The International League Against Epilepsy (ILAE) recommends the differentiation between generalized and focal (formerly partial) seizures solely on the basis of cortical location. 13 A focal seizure is limited to a discrete cortical region or neuronal network without spreading to other areas of the brain. In contrast, a generalized seizure involves widely distributed bilateral neuronal networks, and may have a variable cortical origin.
Diagnostic and monitoring methods
The gold standard for diagnosing and monitoring epilepsy is the scalp electroencephalogram (EEG). 8 The exquisite temporal resolution of EEG provides precise information on the time point and duration of each seizure. Intracranial electrocorticographic monitoring (IEM) is required for accurate delineation of the epileptogenic cortical area or seizure focus to be removed. 5, 12 It is accompanied by electromyography (EMG), electro-oculography (EOG), electrocardiography (ECG) and respiration monitors, 5 to obtain thorough physiological data before (pre-ictal), during (ictal) 3. Circadian rhythms in epilepsy
Endocrine influence
There is an ongoing debate about the relationship between melatonin and epileptic seizures. Research on the therapeutic role of melatonin regarding the dose and the phase of melatonin secretion in patients with epileptic seizures is still inconclusive. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Exogenous melatonin may facilitate seizures at high doses, but also may reduce seizure frequency at low doses. 9 However, when comparing the melatonin profiles of children with epilepsy, febrile seizures and two control groups, there were no significant differences. 10 As well, there is no basal difference in cortisol levels between patients with epilepsy and controls. 20 
Effects of sleep
It is estimated that nearly half of seizures occur during sleep 21 and the majority of these sleep-related seizures occur during non REM sleep (NREM). 4 A rationale for the activation of focal seizures during NREM sleep may be in the multifaceted neurotransmitter changes and extensive neural synchronization. 22 A gradual decrease in acetylcholine (ACh), which reduces GABA modulation during NREM sleep stages, and hyperpolarization of excitatory thalamo-cortical connections deactivate the inhibitory GABAergic neurons of the reticular nucleus. 23 Similar effects of other monoamine neurotransmitters on thalamocortical circuitry have been described. 24 For example, the dorsal raphe nucleus reduces its firing during NREM sleep and is almost silent during REM sleep. There is also a concomitant decrease in serotonin output to the thalamus and cortex during these periods. 25 Hence, these neurotransmitter changes are important in sleep generation via regulation of the thalamocortical circuitry and may also have a role in the aberrancy of synchronization observed in epilepsy. Video-EEG studies have shown that 48-61% of seizures occurred in stage II of NREM sleep. 21 Stage II is characterized by sleep spindles, short bursts of electrical activity from the reticularthalamo-cortical circuitry that may also trigger epilptiform discharges. 23 Similarly, in autosomal-dominant nocturnal frontal lobe epilepsy (ADNFLE), seizures tend to occur during stage II. 26 ADNFLE originates from a genetic mutation in the coding of two nicotinic receptor subunits, leading to a gain of function. 27 Increased cholinergic transmission induces GABA release, which causes widespread transient inhibition in the nRT 24 or cortex. 28 This is followed by a large recovery period, with reduced ACh levels, increased synchronization, and a greater frequency of seizure occurrence. 28 The vulnerability of immature and unpruned brains makes the juvenile prevalence of ADNFLE and other sleeprelated epilepsy syndromes all the more conceivable. 9 Another relatively important relationship is that between adenosine levels and epilepsy during sleep. There is a large increase in adenosine kinase (ADK) and a concurrent decrease in adenosine, when falling asleep under normal conditions. This may contribute to a lower seizure threshold in stages I and II. 4 Adenosine increases only after prolonged wakefulness, therefore, waking up does not necessarily coincide with a reverse in ADK and adenosine concentrations. Both adenosine and its enzyme ADK are involved in arousal and sleep stage transitions, thus, affecting seizure timing. 29 Adenosine is an anticonvulsant, while ADK has the opposite effect. 30 Seizures in Juvenile Myoclonic Epilepsy (JME) tend occur during this transition, when the seizure threshold is still low. 31 JME is a type of generalized epilepsy characterized by recurrent myoclonic jerks upon awakening, and a classical diurnal seizure peak. Higher cortical excitability during the early morning may occur only in generalized epilepsy such as JME, compared to other focal seizure disorders or controls, as reported in a trans-magnetic stimulation study. 32 Furthermore, self-report data indicate that most JME patients have the evening chronotype, since they prefer to go to bed later, and suffer cognitive dysfunctions if awakened early in the morning. 
Self-report measures
There are two major standardized questionnaires for evaluating biological rhythm, the morningness-eveningness questionnaire (MEQ) and the Munich chronotype questionnaire (MCTQ). 33 Although the MEQ and MCTQ data are limited by subjective factors (i.e. motivation, social desirability, etc.), they provide insights into unique tendencies that cannot be otherwise detected, such as sleep preferences. An individual might prefer to sleep for 9 h and wake up at 10 a.m., but due to work constraint, this is not be possible. Similarly, the MCTQ assesses sleep on work days and free days separately, as well as the amount of napping or midsleep. 34 Using these measures, Hofstra et al. found that the presence of epileptic seizures is the main determinant for chronotype and sleep architecture, and patients with epilepsy were significantly more morning chronotypes, that took earlier naps on free days and slept more on free days (p < 0.001). 35 
Circadian rhythmicity in focal seizures
A key finding that emerged is that only the focal sensory seizures seem to have predictable daily patterns. 6 Studies that elucidated the temporal profile of seizures in these syndromes are summarized in Table 1 , which included mesial temporal lobe epilepsy, 36 and focal seizure types of extratemporal origin.
5,12
Using 4 h intervals, an extra-temporal peak was revealed around the 19:00-23:00 interval. When the extra-temporal group was subdivided into anterior (frontal and anterior parietal) and posterior (occipital and posterior parietal) regions, the anterior focus accounted for 65.9% of the peak. 7 In another study that employed 3 h intervals, seizures originating from the frontal and parietal lobes were similarly found to occur at night, while seizures from the occipital and mesial temporal areas often occurred during the day. 12 Separate analysis of the occipital and parietal foci indicated that occipital seizures reached a peak in the late afternoon, 16:00-19:00, while parietal seizures were most likely to occur in the early morning, from 4:00 to 7:00. 12 Another study that used 6-hour time bins found the largest parietal origin peak in their evening period, from 17:00 to 23:00, while their morning period, from 5:00 to 11:00, contained the second-highest peak of parietal seizures. 5 Seizures in frontal lobe epilepsy (FLE) were yet again confirmed to occur almost exclusively at night and during sleep, 3 most likely between 23:00 and 5:00, 5 or between 4:00 and 7:00. 12 When the analyses focused on the comparison between temporal and extra-temporal seizure origins, there was a prominent afternoon peak in the temporal lobe, between 15:00 and 19:00 7,36 or from 13:00 to 16:00. 12 A similar peak was found in the afternoon interval, from 11:00 to 17:00, by Hofstra et al. 5 There were also studies that documented a unique bimodal distribution in mesial temporal lobe seizures. 5, 12, 37 The peak frequency of mesial temporal seizures was early in the morning, from 7:00 to 10:00, and late afternoon, from 16:00 to 19:00. 12 When seizures were tracked every hour, the two critical time peaks were similarly distributed, from 6:00 to 8:00 and from 15:00 to 17:00 5,37 (Table   1 ).
Discussion
The relative variability in the exact timing of each peak can likely be attributed to inconsistencies in protocols, data analyses, sample size, sample demographics, geographic location, and seizure focus. The most variability specifically concerned the parietal lobe, possibly as a consequence of anatomical ambiguity. For instance, the parietal lobe was split into two and combined with other adjacent areas, creating the occipito-parietal, or fronto-parietal regions. 5, 7 When we considered these studies simultaneously, there was overlap in the timing of seizures: 19:00 in occipital seizures; 5:00-7:00 in FLE; 15:00-16:00 in TLE; 7:00-8:00 and 16:00-17:00 in mTLE (see Table 2 ). The parietal and frontal seizures were 1808 (or 12 h) out of phase with the occipital seizures. In other words, when occipital seizures reached a peak, the parietal seizures were at a trough, and vice versa. 12 Although other studies did not report such clear posterior-anterior gradient for rhythms in electrical activity, future research should elucidate this possible circadian dichotomy, its relationship to seizures and anti-epileptic drugs, and whether all these findings apply to the other patients with similar seizure types.
Whether the timing of seizure occurrence shares a common mechanism for all cortical foci, remains to be determined. Out of the few hints from basic science contributions, we know that at least in temporal lobe seizures, there is evidence of nocturnal activation of melatonin receptors during darkness that suppresses hippocampal GABA A receptors in rodents, 38 resulting in a more excitable temporal lobe. Experimental evidence for different seizure semiology based on circadian rhythm indicated that the dark phase produced a more pronounced generalized clonic-tonic seizure, whereas the light phase produced milder facial/forelimb clonus. 39 However, the seizures themselves still demonstrated an endogenous circadian pattern. 40 In the pilocarpine model for status epilepticus, neither exogenous nor endogenous circadian rhythm was found using prolonged video-EEG recordings. 41 It is conceivable that a common mechanism is at play, because the diurnal variability and seizure occurrence is not limited to focal seizures. Circadian effects on seizures are also observed in two genetic models, the WAG/Rij model of typical absence epilepsy, 42, 43 and the murine succinic semialdehyde dehydrogenase (Aldh5a1À/À) model of absence seizures and generalized tonic-clonic seizures. 44 Furthermore, similar circadian variation was found in the acquired model of atypical absence seizures derived from brief exposure to the cholesterol synthesis inhibitor AY-9944 during brain development. 45, 46 There are several limitations in all these attempts to correlate seizures and circadian rhythms. For instance, seizure data were based on video-EEG or EEG alone. 4 IEM studies were pre-operative, regardless of the post-operative outcome, 5,12 while a different protocol only included patients that already underwent successful anterior temporal lobe surgery. 37 Another group monitored seizures with EEG, and only a portion of their participants were awaiting surgery. 7 MRI scans were only available in some studies, 5, 7, 12 thus introducing anatomical variability. In addition, much of the patient data were recorded 15-20 years ago, when diagnosis and treatment were markedly different. On the other hand, there is a degree of reliability and internal validity in the data, as almost all these studies had a similar subset of patients (pre-operative and with severe epilepsy). In terms of the data analyses, one design set a threshold for the number of seizures per day and within each time interval, thus, excluding patients that exceeded that threshold. 5 Another design randomly selected a portion of the total seizures from each day, so that a small minority of patients with atypically frequent seizures would not skew the results. 12 Both designs served to minimize seizure clustering, as well as reduce the chance that a given seizure was influenced by a previous seizure event. Nevertheless, these differences warrant further exploration for possible improvement of methods to further study the connection of seizures and circadian rhythms. For example, a protocol that would exclude subjects with sleep abnormalities and control for light, as in one study, 7 would be very useful.
At this stage, we are further away from understanding how the molecular biology of epileptic seizures interacts with the molecular basis of the circadian oscillator. In particular, the translationtranscription feedback loop of 3 sets of genes: Period genes (Per1, Per2, Per3), Cryptochrome genes (Cry 1, Cry 2) and the Clock gene. 35, 47, 48 Little is known about the influence of the superchiasmatic nucleus (SCN) of the anterior hypothalamus, 37 which receives direct photosensitive information (called a zeitgeber) from retinal ganglion cells via the retinohypothalamic tract to synchronize with the external time. 49 The SCN then transmits this information to the pineal gland, which releases melatonin and creates 24 h oscillations within the entire body. As well, the SCN connects to the amygdala, via the paraventricular nucleus of the thalamus (PVT). The PVT has a high density of melatonin receptors that may explain the circadian control over the limbic system function, such as variations in mood and appetite. 50 The SCN also connects to the hypothalamic-pituitary-adrenal (HPA) axis, and directly establishes a rhythm of cortisol secretion 3, 51 and core body temperature. 52 Further clinical and experimental research will be required to achieve a better understanding of the diurnal effects of seizure occurrence. To date, there is only one study that reported therapeutic effects of the normalization of sleep wake cycles in patients with epilepsy and add-on melatonin treatment. 53 Strictly speaking, the diurnal seizure peaks that we encountered in the described literature are not circadian in nature because the seizure occurrence does not satisfy the necessary criteria for a circadian process, such as an established SCN origin, a free-running rhythm under constant conditions, and being reset by zeitgebers with the resulting phase-response curve. It may be important to consider that biological rhythms could become increasingly desynchronized from environmental cues, 54 due to the resultant of shifts in melatonin secretion. 3, 55 This possibility could be monitored using saliva measures, with either dim-light melatonin observation (DLMO) 6 or entire melatonin profiles. 56 Cortisol 52,54 can be a supplementary indicator of circadian phase. Caffeine should be carefully controlled, since its direct and indirect action on adenosine (through its effects on sleeping patterns) 57 distorts the circadian output markers. This is especially relevant in cohorts of patients with recurrent seizures, where the sleep-wake cycle is often already disrupted by both seizures and AED medication. Most patients remain on their usual medication schedule, with the exception of those undergoing invasive monitoring that require medications to be tapered off. The study of human epilepsies is susceptible to the confounding effects to the confounding effects of AEDs, and experimental epilepsy research could also clarify the molecular action and physiological consequences of each drug.
Conclusions
We think that diagnosis and treatment of epilepsies can benefit from the integration of chronobiology in the understanding of clinical seizure events. It would be interesting to pursue more clinical observations (i.e. adjustments to the timing of AED administration), to achieve greater efficacy during the peak time of each cortical seizure type. Furthermore, awareness of this temporal character of epileptic seizures may play a vital role in seizure management, alongside other known lifestyle adaptations (i.e. the ketogenic diet). In both pharmacologically responsive and treatment-resistant focal epilepsies, the patient and caregivers can agree on the necessary social measures to anticipate and to avoid certain activities knowing that a seizure is very likely to occur at a certain time of the day. The aforementioned protocols can be replicated for application to other seizure types including generalized epilepsies with a 24 h period. For example, seizures in JME occur during morning arousal, and whether this seizure timing is a result of awakening or the phase of the biological clock remains to be seen. 31 We reason that a systematic investigation of the interaction of circadian factors and seizures would be valuable to the entire field of epilepsy.
Further general considerations
Focal epileptic seizures are imbedded in multiple interactions with circadian periodicity; sleep influences, brain biochemistry and genetic regulation processes that require a much wider view for the behavioral output of recurrent cortical electrical discharges. We may be able to harness the underpinnings of the diurnal fluctuations of focal and generalized seizure susceptibility in the context of sleep homeostasis and circadian phase and develop some degree of predictability based on mathematical models. 58 Future collaborations from chronobiology and epileptology could envision individualized treatment paradigms with chrono-pharmacology, wiser utilization of zeitgebers known to influence epilepsies during development [59] [60] [61] [62] and desynchronization strategies from childhood to adolescence, when behavioral states, modulation spine turnover and synaptic homeostasis appears to be essential. 63 
Conflicts of interest statement
The authors do not have any conflicts of interest to disclose.
